The ground and excited state properties of nT-C60 dyads and Por-nT-C60 triads (n = 4, 8, and 12) have been theoretically investigated by using the time-dependent density functional theory together with a set of extensive multidimensional visualization techniques. The results reveal that the length of the nT moiety strongly influences the charge transfer characters of these systems. The charge transfer ability is largely strengthened by introducing the porphyrin group and decreases with the length of the nT moiety. Also the adjustment of the electron transport mode of Por-nT-C60 triads by the length of the nT moiety was visualized.
Introduction
Conjugated nanoscale molecule has attracted a lot of attention for its potential application in molecular electronic devices, such as organic electroluminescent devices, photovoltaic cells, field-effect transistors, nonlinear optics and electrical conductors [1, 2] (and references therein). Photoinduced electron transfer (PET), as a fundamental process, has been proved to play a key role in determining the efficiency of the photoelectric materials [3] [4] [5] . Recently, the researchers have focused on the mechanism of PET in organic photoconversion systems with highly efficient charge transfer (CT) and slow charge recombination (CR) [6] [7] [8] , respectively. The kinetics of these two processes, namely, charge transfer and/or charge recombination, are reflected by the electron transfer rate constant [8] :
where k 0 is a kinetic prefactor/preexponential factor, R DA represents the donor-acceptor distance, and β is the attenuation factor or dumping factor. As known, electron and energy transfer reactions in covalently linked donor-bridge-acceptor (D-B-A) assemblies are strongly dependent, not only on the redox properties D and A but also on the D-A distance and the electronic structure of the bridge [7] . Visible light excitation, for instance, may result in a charge transfer mediated by the bridge from the photoexcited donor to the acceptor or from the donor to the photoexcited acceptor. According to the remarkable electronic and optical characteristics [9] , such as the ready accessibility, structural modifications, highly delocalized π conjugation, low oxidation potentials, environmental stability, and well-defined oligothiophenes (nTs) have emerged as one of the well-investigated oligomers of π-conjugated polymers [10] [11] [12] . The nT moiety is assumed to mediate charge transfer between donor and acceptor and 2 International Journal of Photoenergy has been expected to serve as molecular wires for electron transfer and energy transfer in solar cell devices [13] [14] [15] . It is known that porphyrins and fullerenes are some of the most ideal efficient electron-donor and acceptor materials for conjugated oligomers and polymers in photovoltaic devices due to their unique structural and electronic properties [11] . The molecular architectures of D-B-A systems formed by porphyrins and fullerenes linked by various bridging groups have been widely studied, and the PET of porphyrin-Bfullerene-conjugated systems proceeded through bridging states as either real or virtual intermediates [15] . Since Ikemoto et al. synthesized the molecules that incorporate a porphyrin as donor and fullerene as acceptor unit which are bridged by quater-, octi-, and dodecithiophenes [9] , the porphyrin-nTs-fullerene triads have been extensively studied as the systems that are widely used in the photoactive layer of solar cell. To investigate the PET mechanism of these triads, the PET processes of porphyrin-nT-C60 linked triads (n = 4, 8, and 12), which were designed to reveal the function of nT as a molecular wire, have been investigated by time-resolved fluorescence and absorption spectroscopic methods in the visible and near-IR regions [2, 16, 17] . The most energetically stable final CS state was confirmed to be porphyrin-nT
•+ -C60
•− , which was produced by the hole-shift process from porphyrin
•+ -nT-C60
•− . The rate constant for the CS process from porphyrin * -nT-C60 to porphyrin
•− decreased with the length of the nT moiety, indicating that the nT moiety acts as a molecular wire. And the excited dynamics of these systems in various polar solvents have been investigated. Also, the effects of length of oligothiophene on the CS and CR processes were discussed on the basis of the free energy changes [16, 17] .
On the other hand, theoretically, the PET in porphyrin-4T-fullerene triad has been investigated by using quantum chemistry method as well as the 2D and 3D real space analysis methods [15] . The theoretical analysis revealed that there are two charge transfer (CT) mechanisms and the weak distance dependence of the oligothiophene spacer is benefitted from the superexchange mechanism. As known, ultrafast charge transfer from the porphyrin to the fullerene moiety takes place upon the photoexcitation of these triads, following which the long-lived charge-separated states are generated. And the length of oligothiophenes is believed to be one important parameter to influence the efficiency of these processes. So theoretical investigation of the effect of the length of nT and introducing the porphyrin (donor) into the system is another important way to study the PET process of the conjugated nanoscale molecule systems, because darkness still covers the nature of it. In this paper, the PET in oligothiophene-C60 (nT-C60) dyads and porphyrinoligothiophene-C60 (Por-nT-C60) triads was theoretically investigated, which reveals that the ability of charge transfer of the Por-nT-C60 triads, as a D-B-A system, is much stronger than that of the nT-C60 dyads, as a D-A system. And the ground and excited states properties of these dyads and triads are strongly influenced by the length of the nT moieties. Also the adjustment of the electron transport mode of Por-nT-C60 systems by the length of the nT moieties was further visualized.
Method
All of quantum chemical calculations were done with Gaussian 09 software [18] . The ground state geometries of the oligothiophene-fullerene dyads and porphyrinoligothiophene-fullerene triads were optimized using the density function theory (DFT) with B3LYP functional and 3-21G basis set. Partial density of states (PDOS) was visualized with GaussSum software. The molecular structures of them can be seen from Figure 1 . In the calculations, R=C 6 H 13 (the side chain of oligothiophene) was repacked by H, because they were not the direct electronic structure of the conjugated backbone and merely aid in improving solubility without affecting electronic properties [19] . Electronic transitions of nT-C60 and Por-nT-C60 and their donor/acceptor part in optical absorption were performed with timedependent DFT (TD-DFT) [20] , B3LYP functional, and 6-31G(D) basis set, respectively.
The two-dimensional (2D) real space analysis (transition density matrix) and three-dimensional (3D) real space analysis (charge difference density) were described in [21] [22] [23] . In the 2D site representation, photoexcitation creates an electron-hole pair or an exciton by moving an electron from an occupied orbital to an unoccupied orbital [22] . Each element of the transition density matrix reflects the dynamics of this exciton projected on a pair of atomic orbitals given by its indices, which gives the probability of finding one charged particle on site x and the second one on site y. And the amount of the charged particles reflects the strength of the coherence between the donor and acceptor, which is defined by different color of the element. The 3D cube representation has been used to analyze the charge and energy transfer in conjugated polymers [19, [21] [22] [23] [24] [25] , because the charge difference density (CDD) determines the orientation and results of the charge and energy transfer in molecular and molecular-metal systems.
Results and Discussions

Ground State Properties.
On the basis of the optimized ground state geometries of nT-C60 (D-A systems) and PornT-C60 (D-B-A systems), the partial densities of states (PDOS) were calculated and are presented in Figure 2 . With the PDOS, we can find the percent contribution of a group to each molecular orbital. As seen from Figures 2(a), 2(c), and 2(e), for nT-C60 (n = 4, 8, and 12), the complete charge densities of the higher HOMOs are found on the thiophene groups and the charge densities of the lower LUMOs on the C60 group, respectively. This indicates that the transition from these HOMOs to LUMOs of oligothiophene-fullerene systems should be followed by the charge transfers from thiophene to fullerene group. When the porphyrin is introduced into the system, abbreviated as Por-nT-C60 in this paper, the contributions of charge density distribution to the higher HOMOs are originated from both the porphyrin and the thiophene groups (see donor of these systems, the small charge density distribution on it in the ground state will result in the decrease of charge transfer from donor to acceptor and the formation of the charge transfer excited state upon the photoexcitation. This is in accordance with the experimental results [2] and will be further investigated in the next section. It should be noted that the percent contribution of charge density distribution to the lower LUMOs molecular orbital is insensitive to the porphyrin group, and for all Por-nT-C60 systems the charge densities of the lower LUMOs are still completely distributed on the C60 group. To further investigate the charge distribution on the oligothiophene, which is believed to be adjusted by the length of the thiophene unit and affected by the charge transfer process of these systems, the Mulliken charges on different thiophene moiety are shown in Figure 3 , also based on their optimized ground state properties. By comparing Figures  3(a)-3(c) , some meaningful conclusion can be obtained. In detail, the Mulliken charge distribution is little influenced by increasing the length of the nT moiety but largely affected by introducing the porphyrin group. For nT-C60 dyads, the maximum distribution of Mulliken charges (with positive character) locates on the thiophene moiety, which is adjacent to C60 group. however, for Por-nT-C60 triads, the Mulliken charges almost distribute on the two outer thiophene units and the negative charges on the thiophene moiety, neighbored to the porphyrin group, are much larger than the positive charges on the thiophene unit, which is adjacent to C60. These results together with the further analysis of the excited properties of these D-A and D-B-A systems are expected to give the direct visual evidence for the adjustment of the ICT character by the length of bridge and the introduction of the porphyrin group as the electron donor part.
Excited State Properties of nT-C60 Dyads.
Upon photoexcitation to the excited state, some of the excited state properties of these fullerene-based molecular materials are changed in comparison with those in the ground state. Table 1 gives the excited state properties of these fullerene derivatives, including the selected electronic transition energies, the corresponding oscillator strengths, main compositions, and CI coefficients. For all these fullerene derivatives, the first excited state (S 0 → S 1 and abbreviated as S 1 ) mainly originates from the transition from HOMO to LUMO molecular orbits. According to the above PDOS analysis, the electronic transitions involving these orbits are intramolecular charge transfer excited states. To further investigate the change of the static charge distribution upon photoexcitation, the electron-hole coherence and the charge difference densities (CDD) of these electronic transitions Table 1 ). From the 2D contour plots (see Figure 4 ) of transition density matrix for S 1 of nT-C60, we can see that the electron hole coheres between fullerene and thiophene (shown with yellow color), and with increasing the length of the nT moiety the strength of coherence decreases obviously. After analyzing their corresponding CDD (shown in Figure 5 ), we can clearly identify that the electron transfers from thiophene to fullerene, because the excited electrons and holes completely reside on the fullerene and thiophene groups, respectively. Also the change of the static charge distribution caused by the photoexcitation is significantly influenced by the length of the nT moiety. In other words, different thiophene unit in nT-C60 dyad has different contribution to the transition when the length of the nT moiety is changed. In detail, when n = 4, the excited holes are delocalized on all these four thiophene units; but when the length of nT increases to 8 and 12 units, the excited holes are almost distributed on the center thiophene units, which indicates that the static charge distribution of the outer thiophene units is almost insensitive to the photoexcitation, especially the adjacent unit to the fullerene group. This result is in accordance with the previous researches and again justifies that the excited hole along the π conjugation in 8T and 12T tends to localize in the middle part of the chain more than that in 4T because the charge per thiophene ring takes a maximum point in the middle of the chain for 8T and 12T [2, 26] . Back to the above Mulliken charge distribution analysis in the ground state, the small distribution of Mulliken charges on the center thiophene units and the largest Mulliken charge distribution on the thiophene unit, neighbored to the fullerene group, result in the weaker electron-hole coherence between fullerene and thiophenes of nT-C60 dyad by increasing the thiophene units (long bridge). So we can conclude that the charge transfer ability decreases with increasing the length of the nT moiety.
Function of nT as a Molecular Wire of Por-nT-C60
Triads. When the porphyrin is introduced into the system as the electron donor, the static charge distributions of the thiophene unit of Por-nT-C60 triads behave differently upon photoexcitation to their first excited states. The main difference materializes on the porphyrin neighbored thiophene moiety, which has the largest negative Mulliken charge distribution in the ground state (see Figure 3) and acts as the main contributor for the transition from the ground state to S 1 of Por-nT-C60 triads (as shown in Figure 5 ). This informs that the ability of charge transfer of the Por-nT-C60 triads, as a D-B-A system, is much stronger than that of the nT-C60 dyads, as a D-A system. Similar to the nT-C60 dyads, with increasing the length of the nT moiety, the account of the excited holes on the thiophene moiety, neighbored to the porphyrin moiety, decreases largely, which suggests that the electron transfer abilities of Por-nT-C60 triads are in the order of 4T > 8T > 12T and the charge density of Por-4T
•− much larger than those in other triads [2] . This result is in accordance with the electron-hole coherence between the thiophene and fullerene groups (as can be seen from Figure 4 ). It should be noted that, for Por-4T-C60 triad, the weaker electron-hole coherence between the porphyrin and fullerene groups could be even found, because the space distance between them is short enough.
Furthermore, the adjustment of the electron transport mode of Por-nT-C60 systems by the length of the nT moieties can be further visualized. All of the possible energy transfer (EN) and charge transfer (CT) processes of these triads can be summarized as follows:
After photoexcitation of the porphyrin moiety of the Por-nT-C60 triads, the Por * -nT-C60 is produced, following which the different excited state dynamic relaxation processes take place, and controlled by the length of the nT moieties. As can be seen from Table 1 , the calculated transition energies of Por-nT-C60 triads with the largest oscillator strengths have been listed, from which the different dynamic processes of these triads via Por * -nT-C60 can be revealed. In the case of Por-4T-C60, the twenty-seventh and twenty-eighth excited states (S 27 and S 28 ) were calculated to be the excited state with the larger oscillator strengths. In addition, from the CCD plot of the S 27 excited state (see Figure 5) , the EN process to the C60 moiety can be well visualized. And this result is in good agreement with the experiment, which has proved that the CS process to Por
•+ -4T-C60
•− via Por * -4T-C60 is not possible because of the positive ΔG CS value [2] . So the 4T moiety acts as a spacer for EN, because the EN process driven by the Dexter mechanism, which is operative in the short-distance EN process, does not operate to R DA = 8 International Journal of Photoenergy 55.7Å for Por-12T-C60 [2, 27] . Reasonably, the presence of the stronger electron-hole coherence between the porphyrin and C60 moieties with yellow color in Por-4T-C60 triad in Figure 4 could facilitate its EN process. After EN process, from its CCD plot of the S 1 excited state in Figure 5 , the formation of Por-4T
•− , following the charge transfer of the nT moiety and the 1 C60 * moiety, can be easily seen. So the excited state dynamic relaxation process of Por-4T-C60 should be described as Por
•− . For Por-12T-C60, the eighth and ninth excited states (S 8 and S 9 ), with the largest oscillator strengths, present the obvious charge transfer character because the excited holes and electrons localize on porphyrin and C60 moieties, respectively (see the CCD plots of the S 8 and S 9 excited state of Por-12T-C60 in Figure 5 ). This results in that the direct generation of the CS state, Por
•+ -12T-C60
•− , is produced from Por * -12T-C60 and indicates that the nT moieties serve as superior molecular wires allowing an efficient long-range CS process from the Por * moiety to the C60 moiety through the large nT moiety. Similar to Por-4T-C60, the hole-shift process of Por-12T-C60 also takes place, which can be clearly seen from its CCD plot of the S 1 excited state in Figure 5 . And the excited state dynamic relaxation process of Por-12T-C60 should be Por * -12T-C60 → Por
•− → Por-12T
•− . Lastly, some different results of Por-8T-C60, as compared to those of the experiment, were obtained here. From the CCD plot of the S 10 , S 7 , and S 1 excited states of Por-8T-C60 in Figure 5 , the excited state dynamic relaxation process of Por
•− -8T
•+ -C60 → Por-8T
•− via Por * -8T-C60 is well visualized and proved to be possible. In detail, the charge transfer between porphyrin and 8T moieties (the formation of Por
•+ -C60) takes place. Following which the excited electrons transfer from Por
•− to C60 moieties, because the electronacceptor abilities have been proved to be in the order of Por ≈ 8T C60 [2] . At the same time, the hole shifts from Por
•+ moiety to 8T moiety and the excited holes redistribution on the 8T take place.
Conclusion
From the calculating ground state results of nT-C60 dyads and Por-nT-C60 triads, the obvious charge transfer characters of these systems have been presented. The contribution of the porphyrin group to the charge transfer in Por-nT-C60 triads decreases with the length of the nT moiety, and the Mulliken charge distribution on different thiophene moiety is largely affected by introducing the porphyrin group. For nT-C60 dyads, the charge transfer ability decreases with increasing the length of the nT moiety. The ability of charge transfer of the Por-nT-C60 triads is proved to be much stronger than that of the nT-C60 dyads and be in the order of 4T > 8T > 12T. The excited state dynamic relaxation process of Por-4T-C60 and Por-12T-C60 can be described as Por * -4T-C60 → Por-4T-1 C60
* → Por-4T
•− and Por * -12T-C60 → Por
•− , respectively.
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And for Por-8T-C60, Por •− -8T
•− via Por * -8T-C60 has been proved to be possible.
